Abstract The ratio of flocs to filaments in activated sludge wastewater treatment plants is of extreme importance for the overall performance of the plant. In order to control this ratio the individual concentrations of flocs and filaments need to be measurable. However, no sensors which can measure these concentrations are currently available. In this paper it is outlined how a distinction can be made between flocs and filaments by means of image analysis techniques. Combination of this information with the total biomass concentration results in the individual floc and filament concentrations. The distinction of objects of interest from the background is a crucial step in the image analysis procedure. An automatic thresholding algorithm is proposed which selects two thresholds in images with one fraction darker than the background and the other fraction brighter than the background. Once the objects are separated from the background, they are classified as either flocs or filaments by means of the reduced radius of gyration.
Introduction
The activated sludge process is most widely used for biological treatment of wastewater and consists of two steps: biodegradation and sedimentation. In the biodegradation step the activated sludge, a mixed culture of microorganisms, oxidizes the organic waste in the water to carbon dioxide and water. Next, the activated sludge is separated from the purified water and thickened by means of gravitation. The thickened sludge is recycled to the biodegradation tank in order to maintain high biomass concentrations. This stresses the necessity of good settling properties of the activated sludge.
Good settling and thickening of activated sludge requires the formation of large and firm sludge flocs. The filamentous backbone theory of activated sludge flocs assumes that the structure of the activated sludge floc is formed at two levels (Sezgin et al., 1978) . The first level, termed micro-structure, depends on the bioflocculation of floc-forming bacteria. Micro-structure flocs are small, spherical and compact, but mechanically rather weak. Large activated sludge flocs exhibit a macro-structure provided by filamentous microorganisms. It is postulated that filamentous microorganisms form a backbone within the floc, to which flocformers are firmly attached by their extracellular polymers. Therefore, an optimal ratio of floc-forming to filamentous bacteria in the biodegradation tank is required. If this ratio is too large, small and weak flocs are formed with poor settling properties. If, on the other hand, this ratio is too small, filaments will protrude from the flocs and thickening is hindered.
In order to monitor and control the activated sludge process, microscopic observation of the sludge is of utmost importance. Sezgin (1982) found that the Sludge Volume Index (SVI), an often used parameter to characterize the settling properties of the activated sludge, is influenced by the floc size and the presence of filamentous organisms. In practice, the floc size and total filament length are manually determined using a counting chamber and the flocs and filaments are grouped in different size ranges.
Although this information is very valuable, the direct microscope observation of activated sludge strongly depends on the individual approach of the investigator. In order to have a quantitative determination of the floc size, Li and Ganczarczyk (1986) developed an image analysis system. A light pen was used to indicate the boundaries of the flocs and the following geometric characteristics of the flocs were determined: longest dimension, breadth, equivalent diameter, cross-sectional area, perimeter, elongation, and circularity. Filamentous microorganism abundance was still qualitatively estimated by microscopic observation of free filaments and filaments extending from the flocs. Grijspeerdt and Verstraete (1997) used image analysis to estimate the settling properties of activated sludge. Four parameters, which quantify the shape of the flocs, were measured: form factor, three-dimensional aspect ratio, roundness and fractal dimension. They found that there is a statistical correlation between the mean form factor of sludge flocs and the diluted sludge volume index. This information can be exploited in control schemes incorporating the settleability of the sludge, because it acts as an early warning system. They also investigated the possibility to determine the sludge concentration by means of image analysis.
The objective of this research is to develop an automated image analysis system to measure the individual floc and filament concentrations in the activated sludge. On the one hand, these concentrations will be used in an early warning system, and on the other, in a model-based control strategy for activated sludge plants. In Cenens et al. (2000) a prototype mathematical model, which describes the competition between flocs and filaments on one limiting substrate, is proposed. In order to use this model in a control strategy, the individual concentrations of flocs and filaments need to be measurable.
It is discussed how the combination of image analysis techniques with on-line biomass measurements, e.g. turbidity, enables the on-line measurement of the individual concentrations of flocs and filaments. With images of the activated sludge the ratio of flocs to filaments is determined by means of image analysis, and the total biomass concentration can be divided into the individual concentrations of flocs and filaments.
Image analysis generally consists of five distinct stages that follow each other logically, namely, display, image enhancement, segmentation, mathematical morphology and extraction of quantitative information (Glasbey and Horgan, 1995) . In the third step, segmentation, the objects of interest are isolated from the background. Afterwards, the quality of the segmented image can be improved with mathematical morphology enabling the extraction of reliable quantitative information which is the ultimate goal. Nevertheless, the segmentation step is the most crucial step in the image analysis procedure.
In this contribution a new segmentation procedure is proposed that distinguishes flocs and filaments from the background in activated sludge images without manual intervention. After enhancement of the binary image with mathematical morphology, the objects are categorized into flocs and filaments by means of the reduced radius of gyration.
Methods
Images (magnification 40×) of activated sludge from a brewery wastewater treatment plant were taken using a light microscope with phase contrast illumination (Standard microscope, Carl Zeiss) equipped with a 3CCD video camera (DXC-950P Power HAD, Sony) connected to a PC via a Matrox Méteor grabbing board. The digitized images (768x576 pixels) were processed by means of the MATLAB Image Processing Toolbox (The Mathworks, Inc.).
Results and discussion
Segmentation procedure A critical step in the image analysis procedure is segmentation: the distinction of features of C. Cenens et al. interest from the background. Thresholding is the most commonly used method of segmentation. Pixels are allocated to categories according to the range of values in which they lie. Typically a grey-scale image is converted to a binary one by choosing one threshold. The binary image has values of 0 (black) for all pixels in the input image with grey-scale value below the threshold and 1 (white) for all other pixels.
Different algorithms are available which automatically find the threshold on the basis of the histogram of the image (Glasbey, 1993) . These algorithms work well if in the histogram the peak of object pixels can be distinguished from the background peak. However, in typical images of activated sludge, background pixels are dominant so only one (relatively broad) peak appears in the histogram. In Figure 1 an image of activated sludge is shown on the left, and the corresponding histogram is represented on the right. Both flocs and filaments can be observed in the image. Due to the phase contrast, most of the flocs are brighter than the background, whereas filaments are mostly darker than the background. As a consequence, two thresholds are needed. Because most pixels belong to the background, the background peak can be clearly noticed in the histogram. The object pixels lie in the tails of the peak: with available automatic thresholding algorithms it is extremely difficult to identify the two thresholds.
In this contribution the potential of a novel automatic histogram-based thresholding method is evaluated. The proposed method classifies the pixels of a grey-scale image into three categories: background, darker fraction (mainly filaments) and brighter fraction (mainly flocs). In order to visualize the object pixels in the histogram, multiple transformations of the histogram are explored, of which the natural logarithm most clearly shows the presence of the three fractions (Figure 2 ).
In Figure 2 also the first and second derivatives of the natural logarithm are represented. It is postulated that the extrema of the first and second derivatives are possible thresholds. The maximum of the first and second derivative just before the peak are possible values for the first threshold t 1 , the minimum of the first and the maximum of the second derivative just after the peak are possible values for the second threshold t 2 . These values are indicated on Figure 2 with a vertical line.
Possible values for t 1 : • maximum 1st derivative: 88 • maximum 2nd derivative: 79; and for t 2 :
• minimum 1st derivative: 114 • maximum 2nd derivative: 121.
In Figure 3 the results of the segmentation with the four different combinations of threshold values are depicted. The dark fraction, the bright fraction and the background are black, white and grey, respectively. To facilitate the evaluation, details of the segmented images are shown in Figure 4 .
Segmentation with the two extrema of the second derivative used as threshold (Figure 3 , top left) defines a large background interval. A significant part of the object pixels are wrongly assigned to the background. Filaments are also fragmented (Figure 4, top left) .
If the two extrema of the first derivative are used as threshold values the background segment is very narrow. As a consequence, a lot of background pixels are assigned to the bright fraction. The filaments are not fragmented but surrounded by a large bright halo (Figure 4, top right) . The best result is obtained with t 1 chosen equal to the maximum of the first derivative and t 2 equal to the maximum of the second derivative (Figure 3 and Figure 4 , bottom right). The filaments are shown clear and unfragmented, the background contains not too much noise and the halo around the filaments is small enough to be removed with an erosion-dilation operation.
Morphological operations
Although the result of the thresholding step is quite satisfactory, there are still pixels wrongly classified. In order to improve the result, some morphological operations are performed. Morphological operations are methods for processing binary images based on shapes. These operations take a binary image as input, and return a binary image as output. The value of each pixel in the output image is based on the corresponding input pixels and its neighbors. By choosing the neighborhood shape appropriately, a morphological operation can be constructed that is sensitive to specific shapes in the input images. The main morphological operations are dilation and erosion. Dilation adds pixels to the boundaries of objects, while erosion removes pixels from object boundaries (The Image Processing Toolbox User's Guide, The Mathworks, Inc., 1997). First, an erosion-dilation operation is performed on the bright fraction to remove the bright halo present around the objects. Afterwards, a dilation operation is performed on the whole set of object pixels to recombine defragmented objects. In addition, objects which are smaller than 0.1% of the total object area are removed. The result of these operations is shown in Figure 5 .
Classification of objects
The final step of the image analysis procedure is the extraction of quantitative information. In this research project the ultimate goal is to measure the individual floc and filament concentrations. The ratio of flocs to filaments combined with the total biomass concentration results in the individual floc and filament concentration. In order to obtain the ratio of flocs to filaments, the objects of the binary image have to be classified as either flocs or filaments.
In Cenens et al. (2001) different parameters to classify objects based on their shape are evaluated and compared. The reduced radius of gyration turns out to be the most suitable parameter to distinguish between flocs and filaments. The reduced radius of gyration is a global descriptor which can discriminate large globular objects from filamentous objects and is based on the moments of the object (Pons and Vivier, 2000) . It quantifies how dispersed the pixels in an object are from their centroid. For a disc the reduced radius of gyration is equal to 0.7 while it is higher for objects deviating from a disc. On the basis of the images available, objects with a reduced radius of gyration lower than 1.1 are classified as flocs, the others are classified as filaments. In Figure 6 the result of this classification is shown: flocs are grey, filaments are black. Once the objects are classified, other quantitative information can be easily obtained.
Conclusions
In this paper an image analysis procedure is discussed which classifies, without manual intervention, objects in activated sludge images into flocs and filaments. The ratio of flocs to filaments determines the settling properties of the activated sludge, and, as a consequence, the overall performance of the activated sludge wastewater treatment plant.
The most critical step in the image analysis procedure is the segmentation step. In this step the features of interest are isolated from the background. Due to the phase contrast, filaments in activated sludge images are darker than the background, while most of the flocs are brighter than the background. Two fractions need to be isolated from the background, which is difficult with available thresholding algorithms. In this paper a new automatic histogram-based thresholding method is discussed. Two thresholds are selected based on the first and second derivatives of the natural logarithm of the histogram. Different combinations of thresholds are evaluated.
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Figure 6 Classification of objects into flocs (grey) and filaments (black) by means of the reduced radius of gyration In order to enhance the segmented image, morphological operations are performed. In the final step the objects of interest are classified as either floc or filament by means of the reduced radius of gyration.
The proposed image analysis method yields promising results on the available images. Verifying the robustness of the method on images of a large variety of sludges is the subject of ongoing research.
